This paper presents the Physical Optics field calculation in terms of only line integrations by using the Modified Edge Representation technique (MER), the alternative way of the surface integration. Not only the diffracted fields as in the conventional method of equivalent edge currents (EEC) but also the scattering geometrical optics fields are expressed in terms of the MER line integrals. The far field patterns of parabolic reflector antennas with the defocused dipole feed are discussed and the satisfactory agreement with those obtained by the Physical Optics surface integration is demonstrated.
Introduction
The Modified Edge Representation (MER) line integration was introduced by the authors as an alternative methodology, for the physical optics (PO) radiation pattern calculation of curved surfaces. In the high frequency diffraction analysis, this unique technique is one of the methods of equivalent edge currents (EECs), but in contrast with the conventional EECs, not only diffracted fields [1] but also the geometrical components (GO) are expressed in terms of line integrations [2] .
The diffraction components accuracy of the PO surface to the line integral reduction by the MER had been discussed in [3] . On the other hand, the MER line integral reduction technique for the GO component, has been numerically proposed by the authors afterward, in [2] and later by [4] for various surfaces. The theoretical base for it was provided for the planar surface [5] , where the stationary phase point (SPP) is single and isolated. The behavior of the MER line integration around SPP is still open for question and the study is in progress for the general curved surfaces, where the radii of curvature of the scattering surface are of relevance in the geometrical optics terms.
From the antenna engineering point of view, the MER line integral as applied for the reflector antennas is of great advantage, as the way out of the computational load of the PO surface integration for electrically large objects. The applicability of the line integral representations, which contains only the local parameters of the surface geometry, also implies the design freedom and/or limitation in the reflector shaping techniques in antenna pattern synthesis. From the diffraction theory, at the same time, the applicability of MER line integration to the focusing system is of great interest, where the reflection point is not an isolated one but has finite extent over the antenna aperture.
The parabolas with focused and defocused feeds provides attractive models in that the phase of the integrands in the PO radiation integral is almost constant or slowly varying for the former, while it varies rapidly for the latter as is usual the case with high frequency diffraction. The MER would be fully tested with this model where the specular reflection takes place from isolated point or finite aperture area and furthermore disappears depending upon the position of the source and the observer.
In the present article, the accuracy of the MER line integral representation for the PO is investigated for the parabolic reflector antennas. The F/D ratio or the curvature as well as the size of the reflector and position of the source are varied. The agreement between the original PO surface and the MER line integration is investigated in full angular patterns. The reflector is illuminated by a dipole out of focus so that the discussion may be extended to cover general aspects of the MER line integration.
Surface to Line Integral Reduction of PO by Modified Edge Representation (MER)

Diffraction and Scattering Geometrical Optics Terms in MER Line Integration
The modified edge vectorτ is defined not only at the periphery but also inside of the integration area [2] . It reflects the local properties of the scatterer as well as the positions of the source, observer and the point of interest. For given directions of source and observer (r i ,r o ) the MER vectorτ was first defined for the edge to satisfy the diffraction law on the scattering surface [6] ( Fig. 1) :
The first part in the Eq. (1) satisfies the diffraction law irrespective of thet direction, the real edge of the scattering illuminated surface region. The second part of the Eq. this definition, the MER equivalent line currents would be uniquely defined at all points along the scatterer edge. This is in contrast with the conventional concept of equivalent edge currents, defined only on the periphery of the scatterer using the real edget, (see for example [7] ). Later on, the definition of the MER vectorτ was applied for the inner points on the surface as well [2] . The use of EEC inside the integration surface, makes MER quite different from other techniques involved in the Equivalent Edge Currents.
The equivalence between the diffraction component of the PO surface integral and the line integration of the MER currents proposed by [6] was demonstrated in [3] . These results, which are a direct consequence of the use of the MER vectorτ, are valid for the planar and curved scattering surface.
The expression of the scattering geometrical optics (SGO) by the MER line integration has been proved mathematically for the planar scattering surface [5] and the extension to the curved surface is introduced briefly here.
The total field by the PO surface integration and the MER line integrals derivation is then resumed as follows:
where E dir is the direct field at the observation point and E S PO is the PO scattering far field expressed by the surface integration as:
with J PO = 2n × H inc , where H inc is the unperturbed magnetic field incident upon the integration points on the scattering surface.
On the other hand, by the conventional method of Equivalent Edge Current (EEC), the PO total field is approximated by the line integrals as:
where E GO represents the geometrical optics components defined for each region as in Fig. 1 ; the reflection component E r in E GO is calculated by the geometrical optics approximation in [8] or the image theory. For the conventional EEC in Eq. (4), decomposition of PO surface integration into E GO and the line integration comes from the asymptotic interpretation of the PO surface radiation integrals and it is generally empirical. With the assumption on the geometrical optic terms, all the efforts have been related with the calculation of the diffracted component by the line integration E diff EEC . The Physical Optics total field definition by the MER differs from the conventional EEC. By the vectorτ, the direct application of the Stokes theorem and the radiation term of the incidence in the MER equivalent currents, the PO total field in Eq. (2) has been rigorously reduced to the MER line integrations by:
where the term referred as E HOT MER in Eq. (5) gives the high order contributions, neglected in [3] by the high frequency approximation.
The PO surface integration for the scattering E S PO in Eq. (3) is decomposed into two MER line integrations. The E diff MER and E
SGO MER
are line integrations expressing the diffracted (from the periphery Γ) and the SGO (from Γ ) terms respectively, as shown in Fig. 2 .
The principal difference from the conventional EEC is the rigorous decomposition, as well as the expression of the scattering geometrical optics terms E SGO MER by the line integration. The SGO is calculated by the line integration, using infinitesimally small contour around the SPP, if any. This contribution appears only for the observer in the reflection or in the shadow regions. Then, the final expressions for the diffraction and the scattering geometrical optic components in the far field by the MER line integration can be written as: convergence to the geometrical optics E GO for the conductive sphere.
The E diff MER is taken around the periphery of the illuminated region of the scattering surface and the E SGO MER indicates the value for the limit ρ → 0, approaching to the SPP. It is noted the direction of Γ is counterclockwise and the Γ is clockwise, Fig. 3 are the equivalent electric and magnetic MER currents along the real edget or the contour around the SPP:
where J POr is related with the Physical Optics approximation currents when only the radiation term is used [6] .
In the reflection and the shadow regions, the MER currents are singular as the integration point approaches to SPP. The currents singularity appears as the condition 1/ (r i +r o ) · (τ ×n) → ∞, and this singularity disappears when the integration is carry out. The work of the authors in [2] extends the MER line integration along the periphery to that around the infinitesimally small contour around the SPP (E
). In the following sections, the agreement of the E dir + E SGO MER to the geometrical optics approximation E SGO is numerically shown for the curved surfaces. Then the total and the scattering field for the parabolic reflector antennas is calculated by Eq. (5) is computed and the results are compared with the classical E SGO . We assume the observer is in the reflection region or the shadow region where the inner stationary phase points exist. A model of the scattering geometry is shown in Fig. 3(a) The MER line integration around the stationary phase point is applied for the sphere in Fig. 3(b) .
as functions of the size ρ of the integration contour Γ is compared with the classical E SGO in the reflection region and the direct incidence in the shadow region. For the reflection region E SGO corresponds to the reflection whose amplitude varies with respect to the curvature of the scattering surface. The convergence of E SGO to the reflected wave is observed as ρ → 0. In the shadow region, on the other hand, E SGO MER approaches to −E dir resulting the geometrical shadow, which is independent of the curvature of the scattering surface.
Reflection Region
The agreement of E SGO MER and the geometrical reflected wave E r is demonstrated first. The source is a dipole located in (−5λ, 0λ, 5λ) with the moment p = (−1, 0, 0) and the observer position is (5λ, 0λ, 5λ).
The results of the E
SGO MER
in the reflected region, for spheres with different radii of curvature are shown in Fig. 3(c) . The horizontal axis is expressed as 1 ρ for the radius of the contour for MER line integration, in terms of inverse of the wavelength. First, the sphere with large radius (ρ s = 10 3 λ) is discussed. The results in the vertical axis are normalized respect to the image of the dipole. Once it is confirmed the convergence of the E SGO MER line integration around the stationary phase point to the E SGO for ρ ≤ 0.1λ, the radii of curvature of the surface are increased. With variation of radii of curvature, 1λ ≤ ρ s ≤ 10 3 λ, the E SGO varies from −22 dB to 0 dB approximately. For all these parameters, E
converges to E r provided that ρ ≤ 0.1λ.
Shadow Region
The results of the E SGO MER integration around the stationary phase point, for the case of the observer in the shadow region, are analyzed. The location of the electric dipole and the observer are (0λ, 0λ, 10λ) and (0λ, 0λ, −18λ) respectively, the moment of the dipole is p = (−0, 0, 1). For the shadow region, the results are normalized by the direct incidence. In Fig. 3(d) , the convergence of the E SGO MER to the −E dir is shown. The good accuracy is observed; the MER line integration around the stationary phase point recovers the direct incidence with the opposite sign. For different radii of curvature, rapid convergence is observed for radius of integration ρ ≤ 1λ. These results suggest the creation of the geometric shadow independent of the scattering surface.
The Parabolic Reflector Antenna Analysis by the Modified Edge Representation Line Integrals
Line Integrals for the Pattern Analysis
The classic and general case of the parabolic reflector antenna is studied, the basic scattering geometry is presented in Fig. 2 . The scattering far-field is computed by the MER line integrals in Eq. (5) The source is the electric dipole located at Z i , the focal distance of the parabolic reflector antenna is F and its diameter is D. The F/D ratio defines the parabolic dish shape, the smaller the ratio, the deeper the dish.
When the source is located at arbitrary position, shifted from the parabolic reflector focus, the SPP may appear on the scattering surface and its location varies with the observer position, satisfying the reflection law. The proposed methodology searches, given the source and observer locations, the SPP on the scattering surface. Once the stationary phase point is found, the MER line integration in Eq. (6) is computed around the SPP with the condition of ρ → 0. This contribution is added to the diffraction E diff MER also calculated by the MER line integration. In the shadow region, the canceling wave is assumed. If the observer is in the diffraction region there are not SPP on the surface and the SGO contribution banishes.
The first discussion and analysis is based upon the full radiation pattern of the total field, as it is shown in Fig. 4 . The variation of the F/D ratio on the radiation pattern and the accuracy of the MER to PO is studied in Fig. 5 . The F/D parameter varies in such a way that, the dish may be deformed from a very shallow to a deep one. Also the accuracy dependence upon the frequency is studied in Fig. 4 . The accuracy degradation appearing close to the reflection boundary (RB) is investigated for the out focus feed.
Full Angular Patterns for Defocused Feed
It is widely referred in the literature the case of the parabolic reflector antenna with the feeder located in the focal distance. When this condition is satisfied, the reflection region is restricted to few degrees in the main beam, defining the directivity of the parabolic reflector antenna. For the focused system, the Modified Edge Representation line integral and the Physical Optics surface integral have been studied and good accuracy respect to the diffracted component (side lobes) has been reported by [1] and [3] .
In this paper, the parabolic reflector antenna fed by a dipole located out of the focal distance (Z i F) has special interest. The SPP appears on the surface and moves according to the observer location, as in Fig. 2 . The reflection boundary moves with the location of the source and according to the F/D ratio of the reflector; the reflection region spreads out around the bore sight in contrast with the focused feed parabola.
In Fig. 4 the scattering geometry and the full radiation pattern for a shallow parabolic reflector with F/D = 10 are shown. The dipole is located at Zi = 30λ and the reflector aperture diameter is D = 60λ. The radiation pattern in the three geometrical optic regions are observed, the reflection region (θ ≤ RB), the diffraction region (RB < θ ≤ SB) and the shadow region (θ ≥ SB).
The comparison of the Modified Edge Representation line integrals to the Physical Optics surface integration is extended to the reflection region where the SPP contribution is computed by E SGO MER . In the reflection region, the direct incidence is the contribution from the dipole (E dir ), the reflection and the diffraction components, E . It should be added that the agreement between MER and PO surface integration across SB is always much better than that around RB.
Accuracy across the Reflection Boundaries (RB). Dependence upon the F/D Ratio and the Frequency
For the flat plate (F/D = ∞), the accuracy of MER has been proved analytically [5] . For the curved surfaces, it is still open and the degradation with the increase of the surface radii of curvature is expected. Figure 5 shows the geometry and the pattern for reflectors with different F/D ratio, where smaller F/D ratio corresponds to the larger curvature. The region close to RB is discussed, where the contribution of the SPP has the discontinuity. The MER line integration explains not only the side lobes outside of RB corresponding to the diffraction contribution, but also the interfering waves inside the RB (in the reflection region) corresponding to the reflection, with highlights the potential of MER in this paper. In addition, the deviation of the MER from the PO is observed in the region close to RB.
Because the effect of F/D in the radiation pattern want to be studied, the Zmax of the parabola is defined as Z max = 12.5λ and the source is located at Zi = 30λ. Fig. 5(d) , the calculation of the higher order terms in Eq. (5) becomes necessary to improve the accuracy. Figure 6 shows accuracy dependence upon the frequency for a parabolic reflector antenna with F/D = 0.40 (deep reflector). The results are presented for two offset positions of the dipole source.
As the frequency becomes higher, the errors are more localized in a region close to RB and the overall accuracy seems to be enhanced.
In Figs. 6(e)-(f), we present the results for the lower frequency ( f = f o /5). The agreement is degrade considerably and the errors are extending to the first few side lobes. To improve the accuracy near the RB, the calculation of the high order terms in Eq. (5) should be included. Thus, we have confirmed that the error localized around the RB becomes smaller for the higher frequency and larger F/D ratio (shallower) reflector antennas.
Notwithstanding of these deviations around RB, the applicability of the MER line integration to the full angular patterns is confirmed. Especially, MER provides an alternative way to calculate the GO components as well as diffraction components.
Conclusions
The full angular radiation patterns of the defocused feed parabola antenna are calculated by the MER line integration. The results are compared with the PO surface integration and good accuracy is observed.
The diffraction component is expressed by the MER line integration along the periphery of the illuminated scattering surface by the E diff MER . It should be emphasized that the geometrical optics terms are also expressed in line integration, E
SGO MER
, around the contour of the stationary phase point if any.
For the case of the observer close to the reflection boundary, the effect of the surface radii of curvature (related with the F/D ratio) and the frequency are discussed. The computation of the high order terms should be included for the cases when the accuracy requires to be improved.
This article strongly supports the future application of the MER line integration to the system of focused or defocused reflector antennas, which have the finite radii of curvature. The non conductive scattering surfaces and shaping technique are also attractive applications of this methodology.
